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Oxidative enzymes secreted by white rot fungi can be applied in several technological pro-
cesses  within the paper industry, biofuel production and bioremediation. The discovery of
native strains from the biodiverse Misiones (Argentina) forest can provide useful enzymes
for  biotechnological purposes. In this work, we evaluated the laccase and manganese per-
oxidase secretion abilities of four newly discovered strains of Trametes sp. that are native
to  Misiones. In addition, the copper response and optimal pH and temperature for laccase
activity in culture supernatants were determined.
The selected strains produced variable amounts of laccase and MnP; when Cu2+ was added,
both  enzymes were signiﬁcantly increased. Zymograms showed that two isoenzymes were
increased in all strains in the presence of Cu2+. Strain B showed the greatest response to
Cu2+ addition, whereas strain A was more stable at the optimal temperature and pH. Strain
A  showed interesting potential for future biotechnological approaches due to the superior
thermo-stability of its secreted enzymes.© 2016 Sociedade Brasileira de Microbiologia. Published by Elsevier Editora Ltda. This is
an open access article under the CC BY-NC-ND license
grow in forest areas of Misiones and produce a complex sys-ntroduction
n recent years, many  innovative technologies have been
eveloped to reduce pollution and generate ecologically
riendly energy. Searching for new promising microorgan-
sms with signiﬁcant enzymatic secretion systems has
rovided innovative biotechnological resources. The province
f Misiones has one of the highest biodiversities in Argentina,
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and together with the Yungas region, these regions are the bio-
logically richest natural areas of Argentina. However, the study
of fungi, especially microfungi, has been neglected, and many
fungi await extensive studies. This wonderful natural area is
a mycologist’s paradise.1 Many white rot fungi (WRF) speciestem of ligninolytic enzymes with biotechnological potential.
Lignin peroxidase (Lip), manganese peroxidase (MnP) and
laccase (Lac) are the most widely distributed ligninolytic
lsevier Editora Ltda. This is an open access article under the CC
.
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enzymes.2–4 The synthesis of these enzymes is regulated by
various factors, and heavy metals signiﬁcantly affect enzyme
production.5–7 Temperature and pH also greatly inﬂuence the
activity and thermostability of the secreted enzymes.8
Principally due to the polymorphism of Basidiomycetes,
diverse taxonomical criteria have been used to classify these
fungi; therefore, the correct name for many  taxa used in
various studies have remained unclear.9,10 However, the phy-
logenetic diversity of strains is related to the environmental,
ecologic, geographic and genetic conditions in which they
live.11 Molecular techniques are useful tools to study the
phylogeny and intraspeciﬁc genetic variations, and provide
essential information for understanding enzyme variation
among strains of the same fungal species.9,12 The internal
transcribed space (ITS) regions of ribosomal DNA have also
been used to analyze various genera and species of fungi.13–15
The sequences of these regions are more  diverse among
species than within species.16 The aim of this work was
to evaluate the laccase and manganese peroxidase secre-
tion abilities of new strains of Trametes sp. isolated from
Misiones, Argentina. The effect of the addition of Cu2+,
the thermostability, and the optimal pH and temperature
of laccase activity in the culture supernatants were also
analyzed.
Materials  and  methods
Microorganisms  and  culture  conditions
White rot fungi strains A, B, C, and E were provided by the Cul-
ture Collection of the Faculty of Forestry, National University of
Misiones, Argentina; the strains were subjected to molecular
phylogenetic classiﬁcation as described below. Stock cultures
were maintained on malt agar at 4 ◦C.
To prepare liquid inocula, each fungus was grown for 5–7
days on malt agar plates (MEA: 20 g L−1 agar, 12.7 g L−1 malt
extract), and 36-mm2 agar plugs were then cut from the agar
and transferred to 100-mL Erlenmeyer ﬂasks containing 20 mL
of medium (ME: 12.7 g L−1 malt extract and 5 g L−1 corn steep
liquor) and incubated at 29 ◦C in steady-state conditions.
Biomass  and  protein  determination
Biomass growth was determined by measuring the mycelium
dry weight, and proteins in the conditioned medium were
measured using the Bradford method.
Liquid medium was separated from the supernatant
mycelium by ﬁltering through ﬁberglass ﬁlters (GF/C) in a
Büchner funnel and frozen at −20 ◦C until use. Biomass dry
weight was determined by measuring the difference between
the ﬁberglass ﬁlter (GF/C) weight before ﬁltration and after ﬁl-
tration and subsequent drying at 80 ◦C until a constant weight
was attained.Protein was determined using a micro-test based on the
Bradford technique (BioRad) following the manufacturer’s
instructions; bovine serum albumin was used as the standard.
Secreted protein concentrations are expressed in units of
g/mL. b i o l o g y 4 7 (2 0 1 6) 287–297
Enzyme  assays
Laccase (EC 1.10.3.2) activity was measured at 30 ◦C using 1 mL
of 5 mM 2,6-dimethoxyphenol (DMP) in 0.1 M sodium acetate
buffer pH 3.6 and 50 L of ﬁltered supernatant mycelium.
Absorbance was monitored at 469 nm (E469 = 27.5 mM−1 cm−1)
using a Shimadzu UV-3600 spectrophotometer. One laccase
activity unit was deﬁned as the amount of enzyme required
to oxidize 1 mol  of DMP per min  at 30 ◦C and is expressed in
units of U mL−1.7
Manganese peroxidase (EC 1.11.1.13) activity was mea-
sured at 30 ◦C using 2.5 mL of 0.1 M phenol red in sodium
dimethylsuccinate buffer pH 4.5 and 50 L of ﬁltered super-
natant mycelium. The reaction was initiated using 20 L
of 0.2 mM H2O2. Absorbance was monitored at 610 nm
(E610 = 22 mM−1 cm−1) using a Shimadzu UV-3600 spectropho-
tometer. One MnP  activity unit was deﬁned as the amount of
enzyme required to oxidize 1 mol  of phenol red per min  at
30 ◦C and is expressed in units of U mL−1.17
Polyacrylamide  gel  electrophoresis
To identify the number of isoenzymes involved in Cu2+
induction, the crude enzyme was subjected to native poly-
acrylamide gel electrophoresis (ND-PAGE) and denaturing
polyacrylamide gel electrophoresis (SDS-PAGE) in 7.5% gels.
After resolving the proteins using ND-PAGE, the gel was incu-
bated in 0.1 M sodium acetate buffer containing 5 mM DMP
before detecting laccase activity.18 After incubating the gel for
5 min, the dye solution was discarded; the gel was immedi-
ately scanned using a scanner (HP Deskjet F300 All-in-One
series).
The molecular weight of the isoenzymes was evaluated
using 7.5% SDS-PAGE including a molecular weight marker
(Kaleidoscope, BioRad). SDS was removed by incubating the
gel in 50 mM sodium acetate containing 0.2% Triton X-100 and
then staining with 5 mM DMP  to detect laccase activity.19
Determination  of  the  thermostability  and  optimal
temperature  and  pH  of  laccase  activity  in  culture
supernatants
The laccase activity in the culture supernatants was tested
at pH 3.6–5.6 in 50 mM sodium–acetate buffer using DMP  as
substrate. After determining the optimum pH, laccase activity
was measured in the range 10–80 ◦C.
The thermostability was evaluated at the optimal values of
pH and T using culture supernatants that had been incubated
for 7 h.
DNA  extraction
Fungi mycelia were ﬁltered and washed with 0.1 M Tris–HCl
pH 8 and 0.02 M EDTA. DNA was extracted in buffer solu-
tion (100 mM Tris–HCl pH 8, 1.5 M NaCl, 50 mM EDTA pH
8) at 60 ◦C containing 0.1 mg mL−1 proteinase K, 10 mM
-mercaptoethanol and 2% SDS. The DNA was puriﬁed with
chloroform, isoamyl alcohol (24:1) and 3 M potassium acetate
and then precipitated using isopropyl alcohol.
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TS  ampliﬁcation  and  sequencing  analysis
TS-1 (partial sequence), the 5.8S rRNA gene, ITS 2, and the
8S rRNA gene (partial sequence) region, (ITS1-5.8S-ITS2-28S),
ere ampliﬁed and sequenced; the sequences were then
eposited in GenBank.
The genes were ampliﬁed using the primer sequences
escribed by White et al.16 PCR was carried out in 20-L reac-
ions containing 1× KCl buffer, 2.5 mM MgCl2, 200 M dNTPs,
0 pmol of each primer, 0.5 U Taq polymerase and 25 ng of
NA. The PCR program was as follows: 4 min  at 94 ◦C; 35
ounds of 40 s 94 ◦C, 40 s 50 ◦C, and 40 s 72 ◦C; and ﬁnal exten-
ion for 10 min  at 72 ◦C. All fragments were then submitted to
 sequencing service (Macrogen, Korea).
All sequences were analyzed using Chromas Lite 2.01,
LASTn, BioEdit and CLUSTAL W before phylogenetic tree
onstruction. Phylogenetic analysis was carried out using the
.N.T. program.20 Gaps (indels) were treated as a 5th state
ecause they represented insertion–deletion events. The anal-
sis included 42 sequences, and Daedaleopsis tricolor, Hexagonia
itida and H. mimetes were used as outgroups.4,21,22 Because
he data set was reduced, the heuristic searches were imple-
ented using 1000 RAS, saving one tree per TBR. To assess the
upport for the identiﬁed groups, bootstrap and parsimony
ack-kniﬁng analyses were performed.23 Both the bootstrap
Strain A
Strain C
ig. 1 – Cultural characteristics of Trametes sp. strains on MEA. Fu
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and jack-knife analyses included 1000 resampled matrices. For
each resampled matrix, we performed 100 RAS + TBR cycles.
Statistical  analysis
Two-way ANOVA and Bonferroni’s post test were performed
using GraphPad Prism 4.00 for Windows (GraphPad Software,
San Diego, CA, USA).
Results
Cultural  characteristics  and  phylogenetic  studies  of  new
Trametes  strains
In this work, we  worked with four strains of white rot fungi
that were characterized as members of the Trametes genus.
The four strains showed white mycelia development on MEA
but exhibited different cultural characteristics: strains A, C
and E showed cotton-like colonies, whereas strain B showed
colonies with smoother surfaces (Fig. 1).To conduct phylogenetic studies, we  determined the
nucleotide sequence of the ITS1-5.8S-ITS2-28S region of strain
A (538 bp), strain B (548 bp), strain C (547 bp), and strain
E (475 bp); each fungus exhibited 97% sequence identity with
Strain B
Strain E
ngi were  grown for 7 days on malt agar plates
.
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Fig. 2 – ITS region of 5.8S rDNA phylogenetic relationships
between strains. Group support was assessed using 1000
bootstrapping and parsimony jack-kniﬁng replicates.
Numbers above branches correspond to jack-knife support.
Bootstrap supports are given in parentheses.
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Trametes hirsuta, Trametes versicolor and Trametes villosa.  Blast
and Fungi Barcode (http://www.fungalbarcoding.org) searches
showed that the fungi were closely related to the genus
Trametes among the examined basidiomycetes. Based on the
results of the Blast search, subsequent phylogenic analysis
was performed using mainly species from the genus Tram-
etes. Sequences obtained from all strains were deposited in
GenBank under the following access numbers: HM222419.2
(strain A); HM622150.1 (strain B); HM622151.1 (strain C) and
HM622153.1 (strain E).
A phylogenic tree was obtained from overlapping data sets
of the ITS region (Fig. 2). Informative sites (deﬁned by the
presence of any gaps, ambiguity symbols, and nonconsensus
sequence at each site) included those at 88/612. After remov-
ing poorly aligned positions and divergent regions of DNA,
the ITS sequences were aligned over 612 characters, 88 of
which were parsimoniously informative. Parsimony analysis
resulted in 80 equally parsimonious trees that were 185 steps
long. Both bootstrap and jack-knife processes yielded nearly
the same topology, and their support values were very simi-
lar. The resulting trees showed that all strains studied in this
work formed a monophyletic clade that was closely related to
T. villosa.
Biomass,  and  protein  and  oxidative  enzyme  secretion
The biomass and secreted protein in the liquid medium were
signiﬁcantly different among the strains (Fig. 3). Strain A
showed a signiﬁcant increase in biomass with days of culture
(p < 0.001). All strains secreted similar quantities of protein,
and the highest contents were found on culture day 10.
To verify the laccase and MnP secretion patterns of the
analyzed strains, all fungi were cultured for 7 days in liquid
medium containing malt extract. The strains secreted laccase
to differing extents (Table 1). Strains A and C showed the high-
est amounts of total laccase, and strain C showed the highest
B
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Fig. 4 – Effect of Cu2+ on laccase activity in the studied Trametes sp. strains. All strains were cultured on ME  for 14 days in the
presence or absence () of 0.2 mM ( ) and 0.5 mM Cu2+(). The experiments were carried out in ME  medium, and enzyme
activity was measured on 7, 10, and 14 days of culture (upper graphs). All determinations were carried out in triplicate, and
the results are expressed as U mL−1. Laccase isoenzymes were  detected using ND-PAGE analyses with DMP (lower graphs).
Table 1 – Laccase and MnP  secretion by Trametes sp.
strains.
Laccase MnP
Enzymatic activity
U mL−1
Enzymatic activity
U mL−1
Strain A 190.74 ± 15.33 60.42 ± 29.32
Strain B 78.76 ± 12.74 37.44 ± 19.74
Strain C 325.00 ± 19.05 Undetectable
Strain E 19.65 ± 4.21 Undetectable
Strains were grown on ME under steady-state conditions at 29 ◦C
and pH 4.5.
Enzymatic activities were measured on day 7 of culture in triplicate.
Data are shown as medians ± SD. Determinations were carried out
in triplicate.production of laccase per unit of biomass production (U g−1 of
mycelia). Only strains A and B showed detectable quantities
of MnP  on the day 7 of culture.
Effect  of  the  addition  of  Cu2+ on  laccase  and  manganese
peroxidase  activity
Previously published data showed that the addition of Cu2+
increases laccase activity in Basidiomycetes. To verify that
this also occurs in the newly discovered strains, laccase activ-
ity was measured in the absence and presence of 0.2 mM and
0.5 mM Cu2+. The experiments were carried out in ME  medium,
and enzyme activity was measured on days 7, 10 and 14 of
culture (Fig. 4).
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Fig. 5 – Effect of Cu2+ on MnP  activity in Trametes sp. strains. All strains were cultured on MEA  for 14 days in the presence or
absence () of 0.2 mM ( ) and 0.5 mM Cu2+(). The experiments were carried out in ME  medium, and enzyme
ppemeasurements were  made on days 7, 10 and 14 of culture (u
and the results are expressed as U mL−1.
The addition of Cu2+ led to a signiﬁcant increase in lac-
case secretion in all strains (p < 0.05). Maximum secretion
occurred upon the addition of 0.2 mM Cu2+ to strains A, B
and E. Strain C exhibited maximal laccase secretion upon the
addition of 0.5 mM Cu2+. Strain B responded most strongly to
Cu2+ induction on day 7 of culture (3085.5 U mL−1; i.e., 39.5-fold
greater than the secretion without Cu2+ (78.7 U mL−1)). Strain
E responded most strongly to Cu2+ induction on day 10 of cul-
ture (1104.5 U mL−1); i.e., 33.2-fold greater than the secretion
without Cu2+ (33.2 U mL−1); p < 0.001). However, strains A and
C exhibited only 4.67-fold induction by Cu2+. Strain A secreted
891 U mL−1 of laccase in the presence of Cu2+ and 191 U mL−1
in its absence. Strain C secreted 1519 U mL−1 of laccase in the
presence of Cu2+ and 325 U mL−1 in its absence.
A previous report described that the number of laccase
isoenzymes varies among Basidiomycetes.7 To examine the
presence of laccase isoenzymes and their differential response
to Cu2+ induction, ND-PAGE analyses with DMP  were carried
out (Fig. 4). Zymogram analysis showed a clear increase in the
density of two laccase bands for all strains in the presence of
Cu2+. The upper bands appeared for strains A, B and E only in
2+the presence of Cu , whereas strain C showed an upper band
in the absence of Cu2+. Using SDS-PAGE with DMP  detection,
we established the molecular weight of the detected laccase
bands: 70 kDa for the lower band and 140 for the upper band.r graphs). All determinations were carried out in triplicate,
We  also determined MnP activities under basal conditions
without the addition of exogenous Mn2+ in the presence of
0.2 or 0.5 mM Cu2+. All strains showed a clear increase in MnP
secretion in the presence of Cu2+ (p < 0.05). Strain B showed
the highest response to the addition of Cu2+ on day 7 of cul-
ture day; similar amounts of MnP  were secreted using both
Cu2+ concentrations (357.4 U mL−1; 9.5-fold higher than that
in the absence of Cu2+ (37.4 U mL−1)). Strain A showed high
MnP secretion in the presence of 0.2 mM of Cu2+ on day 10
of culture day (102.7 U mL−1; 1.7-fold higher than that in the
absence of Cu2+ (58.6 U mL−1)). Strains C and E only secreted
MnP (in variable amounts) in the presence of Cu2+ (Fig. 5).
Thermostability  and  temperature  and  pH  optima  for
laccase activity
We determined the optimal T and pH for laccase activity in
culture supernatants in the presence and absence of Cu2+. Cul-
ture supernatants of all strains exhibited maximal activity at
55 ◦C in the presence of Cu2+. In the absence of Cu2+, strains
A and E exhibited maximal activity at 55 ◦C, strain B exhib-
◦ited maximal activity at 50 C, and strain C exhibited maximal
activity at 45 ◦C (Fig. 6).
Culture supernatants lacking Cu2+ did not show any dif-
ference in laccase activity between pH 3.6 and 5.6. All culture
b r a z i l i a n j o u r n a l o f m i c r o b i o l o g y 4 7 (2 0 1 6) 287–297 293
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c0 ◦C. All determinations were  carried out in triplicate using
upernatants including Cu2+ exhibited maximal laccase activ-
ty at pH 3.6; the maximal activity in the presence of Cu2+ was
reater than that in the absence of copper (13-fold for strain A
p < 0.001), 300-fold for strain B (p < 0.001), 140-fold for strain C
p < 0.001), and 100-fold for strain E (p < 0.001); Fig. 7).
To measure the thermostability of the enzyme, culture
upernatants were incubated for 7 h at the optimal pH and
. Residual laccase activity was estimated based on the high-
st value obtained (100%). Strain A had a half-life of 300 min  in
ulture supernatants including Cu2+ and a half-life of 120 min
Table 2 – Residual laccase activity in culture supernatants incub
Time (min) Residu
Strain A Strain B 
With 0.5 mM
of Cu2+
Without
Cu2+
With 0.5 mM
of Cu2+
Witho
Cu2+
0 100 100 100 100 
20 91 113 82 92 
40 55 97 58 61 
60 59 96 31 58 
120 56 51 36 13 
180 52 49 32 14 
240 48 36 27 – 
300 56 32 29 – 
360 40 31 26 – 
420 45 – 24 – 
Residual enzymatic activity is expressed as a % of the initial activity. Data as substrate, and the results are expressed as U mL−1.
in supernatants including Cu2+. Strains B, C and E had a half-
life of 40 min  in the presence and in the absence of Cu2+
(Table 2).
DiscussionIn this work, we evaluated oxidative enzymes secreted by
four newly discovered Trametes strains and focused on lac-
case activity. These strains showed differences in biomass
ated at optimal temperature and pH.
al enzymatic activity
Strain C Strain E
ut With 0.5 mM
of Cu2+
Without
Cu2+
With 0.5 mM
of Cu2+
Without
Cu2+
100 100 100 100
63 65 81 92
52 47 69 32
43 54 36 7
31 12 23 8
30 – 18 –
17 – 10 –
13 – 10 –
13 – 6 –
– – 6 –
 are shown as medians ± SD.
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Fig. 7 – Effect of pH on laccase activity in culture supernatants of Trametes sp. strains. All strains were  cultured on ME for 14
days in the absence (triangles) or presence of 0.5 mM Cu2+ (©). The experiments were  conducted in the pH range 3.6–5.6
using 0.1 M sodium acetate buffer. All determinations were  carried in triplicate out using DMP  as substrate, and the results
are expressed as U mL−1.production, levels of secreted proteins and levels of the main
oxidative enzyme laccase.
The ITS1 and ITS2 regions, which are separated by the
conserved short 5.8S rRNA, may exhibit nucleotide variations
because their transcripts are excised from the ﬁnal rRNA frag-
ments. Consequently, we decided to study these sequences.
Sequences are commonly used to infer phylogenetic relation-
ships of closely related species and to assess the variability
present within a population; e.g., among geographically dis-
tant isolates (ecotypes).10 Although a phylogenetic analysis
of the ITS1-5.8S-ITS2-28S regions revealed that the studied
strains are closely related to the T. villosa clade branch, we
were only able to identify the strains at the genus level. T. vil-
losa was recently isolated in Guadeloupe and Argentina.4 More
extensive ITS trees were constructed using all the available
ITS1-5.8S-ITS2 sequences of good quality that were 520–560 nt
in length from Trametes spp. and members of closely related
genera (data not shown); these trees indicate that these strains
might represent divergent isolates of the species T. villosa.
Finally, to clarify the taxonomic position of the strains, it will
be necessary to complement our molecular studies with clas-
sical genetic analysis; e.g., based on mating experiments.24
The Trametes species identiﬁed and studied in this work are
related to the third clade obtained by Welti et al.,4 compris-
ing a group of specimens from Trametes pubescens to T. hirsute.
Three distinct sub-clades have been identiﬁed within this
clade, and the sub-clade of interest here comprises genuine
Trametes species (i.e., with strictly poroid hymenophores): T.
versicolor, T. hirsuta, T. ochracea, T. suaveolens and T. chinese closeto T. junipericola, T. socotrana, T. pubescens and T. villosa.  Most of
these species, except for T. socotrana and T. villosa,  are found in
temperate areas.
In other fungal species, such as Trametes trogii, previ-
ous data indicated that concentrations of Cu2+ up to 1 mM
are associated with increased mycelial growth.25 However,
the response to Cu2+ is affected by concentration because,
at extremely high doses, decreased fungal growth leads to
decreased laccase activity. Ramsay et al.26 found that in Tri-
choderma virens and Rosea clonostachys, high concentrations of
toxic metals, such as Cu2+, decrease the carbon utilization
rate.26 This effect might occur because the presence of Cu2+
decreases the ability of fungi to use resources such as carbon
that can therefore not be used for fungal nutrition.27 Some
authors have suggested that fungi develop mechanisms to
protect them against the toxic effect of ions; such mechanisms
include the immobilization of these ions through the intra-
cellular and extracellular production of organic acid-chelating
compounds and siderophores.28
Some authors have demonstrated a close association
between protein secretion and enzyme activity.29 Our  data
showed an average correlation between secreted proteins
and laccase activity, indicating that protein concentrations
are not a good indicator of enzyme activity; thus, laccase
activity measurements are warranted. It is useful to report
enzyme activity in relation to biomass levels (expressed as
U g−1 of mycelium)30 because this parameter can reveal the
true increase in enzyme activity accounting for fungal growth.
However, in previous work, we  found that biomass levels and
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Physisporinus rivulosus. Appl Microbiol Biotechnol.
2008;77:301–309.
11. Diba K, Mirhendi SH, Kordbacheh P, Jalalizand N. Singleb r a z i l i a n j o u r n a l o f m i c 
accase secretion did not always follow a common pattern;
hus, generalizations used to predict the behavior of a given
ungus are impeded.31
In terms of the effect of Cu2+ on laccase production, our
esults are comparable to those obtained in other studies
n T. trogii (Levin et al., 2001),25 Pleurotus ostreatus5,32 and T.
ubescens33; in these species, enzyme activity was increased
n the presence of Cu2+. Enzyme activity was affected by Cu2+
oncentrations, and activity was higher at lower concentra-
ions, as for strains A, B and E. Some authors have described
ow Cu2+ interacts with the ACE transcription factor-1 and
hereby induce lac gene expression.34,35 However, not all
ac genes respond equally to this transcription factor and
ome genes might be regulated by alternative routes. These
ata could explain the presence of Cu2+-inducible and non-
nducible isoenzymes. Our study found two Cu2+-inducible
accase isoenzymes with different responses to Cu2+, as pre-
iously described.7,11,36 All strains showed an increase in the
ctivity of both isoenzymes in the presence of Cu2+. This is in
greement with the clustering results observed in the phylo-
enetic study.
MnP  activity was affected in all strains by the presence of
u2+. This could be due to a metal response element-binding
ranscription factor, consistent with previous data indicating
he possible regulation of MnP  by extracellular concentrations
f metal ions, such as Cu2+ and Mn2+.37–39 In this context,
lvarez et al.35 observed an effect of Cu2+ on the expression
f genes encoding ligninolytic laccase (lcs) and manganese
eroxidase (mnp) in Ceriporiopsis subvermispora.
Enzymatic activity is affected by proteins, minerals and
hemicals that are present in culture supernatants.40,41 The
hermostability and the pH and temperature optima of isoen-
ymes should be determined under speciﬁc conditions.41–45
ur data showed that laccase activity was maximal at pH 3.6,
onsistent with reported data.46 This value is somewhat lower
han the usual pH range for enzyme activity (between 4 and
).2,47
Strain B did not show signiﬁcant variation in enzyme
ctivity across the studied pH range, indicating the biotech-
ological potential of this strain to perform under acidic pH
ioprocess conditions. Similar results have been reported by
athishkumar et al.48
The optimal temperature for laccase activity in the pres-
nce of Cu2+ was 55 ◦C, consistent with published data.49
owever, we  found some differences in culture supernatants
acking Cu2+ (strains B and C); these differences might be due
o differences in glycosylation among the isoenzymes.46
Thermostability is a desired property for industrial
nzyme application because it reduces the demand for fresh
nzyme.50,51 Our data indicated extended laccase stability in
train A at the optimal temperature and pH; 50% laccase activ-
ty remained at 4 h, and 40% activity remained at 7 h.
In conclusion, all strains were affected by the presence
f Cu2+, which increased laccase and MnP activity. Laccase
ncreases occurred in the same strain due to the presence
f two isoenzymes that respond to Cu2+. Strain A was very
2+esponsive to Cu and presented good thermostability,
emonstrating its potential for future biotechnological appli-
ations. This work constitutes a biochemical study of the
otential of newly  discovered strains of WRF  that secreteo l o g y 4 7 (2 0 1 6) 287–297 295
laccase and their response to the presence of Cu2+. This
and previous studies6,7,52 aimed to evaluate the capacity
of newly discovered native fungi to produce enzymes for
biotechnological applications.
Conﬂicts  of  interest
The authors declare no conﬂicts of interest.
Acknowledgements
Part of the experimental work was funded by the Secretaría
de Ciencia y Tecnología de la Universidad Nacional (grants
for innovation projects). MIF  is a career member, EMG  has a
postdoctoral studies fellowship, and SSSA and MLB  have fel-
lowships for doctoral studies from the Consejo Nacional de
Investigaciones Cientíﬁcas y Técnicas (CONICET-Argentina).
 e  f  e  r  e  n  c  e  s
1. Wright JE, Wright AM. Checklist of the mycobiota of Iguazú
National Park (Misiones, Argentina). Bol Soc Argent Bot.
2005;40:1–2.
2. Can˜as AI, Camarero S. Laccases and their natural mediators:
biotechnological tools for sustainable eco-friendly processes.
Biotechnol Adv. 2010;28:694–705.
3. Lundell TK, Mäkelä MR, Hildén K. Lignin-modifying enzymes
in ﬁlamentous basidiomycetes ecological, functional and
phylogenetic review. J Basic Microbiol. 2010;50:5–20.
4. Welti S, Moreau PA, Favel A, et al. Molecular phylogeny of
Trametes and related genera, and description of a new genus
Leiotrametes. Fungal Div. 2012;55:47–64.
5. Baldrian P, Gabriel J. Lignocellulose degradation by Pleurotus
ostreatus in the presence of cadmium. J FEMS Microbiol Lett.
2003;220:235–240.
6. Preussler CA, Shimizu E, Villalba LL, Zapata PD.  Inducción
con cobre de la enzima lacasa en el hongo de pudrición
blanca Trametes villosa (Sw.:Fr.) Kreisel. Rev Ciencia Tecnol.
2009;12:9–16.
7. Fonseca MI, Shimizu E, Zapata PD, Villalba LL.
Laccase-producing ability and the inducing effect of Copper
on laccase production of white rot fungi native from
Misiones (Argentina). Enzyme Microb Technol.  2010;46:
534–539.
8. Farinas CS, Loyo MM, Baraldo AJ, Tardioli PW,  Neto VB, Couri
S.  Finding stable cellulase and xylanase: evaluation of the
synergistic effect of pH and temperature. New Biotechnol.
2010;27:810–815.
9. Zervakis GI, Moncalvo JM, Vilgalys R. Molecular phylogeny,
biogeography and speciation of the mushroom species
Pleurotus cystidiosus and allied taxa. Microbiology.
2004;150:715–726.
10. Hilden K, Hakala TK, Maijala P, Lundell TK, Hatakka A. Novel
thermotolerant laccases produced by the white-rot fungusstrand conformation polymorphism analysis of PCR
ampliﬁed rDNA to differentiate medically important
Aspergillus species. Iranian J Public Health. 2008;37:
52–59.
 i c r o296  b r a z i l i a n j o u r n a l o f m
12. Atkins SD, Clark IM. Fungal molecular diagnostics: a mini
review. J Appl Genet. 2004;45:3–15.
13. Nagy LG, Kocsubé S, Papp T, Vágvölgyi C. Phylogeny and
character evolution of the coprinoid mushroom genus
Parasola as inferred from LSU and ITS nrDNA sequence data.
Persoonia.  2009;22:28–37.
14. Chen Y, Prior BA, Shi G, Wang Z. A rapid PCR-based approach
for  molecular identiﬁcation of ﬁlamentous fungi. J Microbiol.
2011;49:675–679.
15. Sun J, Najafzadeh MJ, Zhang J, Vicente VA, Xi L, De Hoog GS.
Molecular identiﬁcation of Penicillium marneffei using rolling
circle ampliﬁcation. Mycoses. 2011;54:751–759.
16. White TJ, Bruns SB, Lee TD, Taylor JW.  In: Innis MA, Gelfand
DH, Sminsky JJ, White TJ, eds. Ampliﬁcation and direct
sequencing of fungal ribosomal RNA genes for phylogenetics. San
Diego, CA: Academic Publishers; 1990:315–322.
17. Kuwahara M, Glenn JK, Morgan MA. Gold Separation and
characterization of two extracellular H2O2 dependent
oxidases from lignolytic cultures of Phanerochaete
chrysosporium. FEBS Lett. 1984;69:247–250.
18. Manchenko P. Handbook of detection of enzymes on
electrophoretic gels. USA: CRC Press Inc.; 1994.
19. Murugesan K, Nam IH, Kim YM, Chang YS. Decolorization of
reactive dyes by a thermostable laccase produced by
Ganoderma lucidum in solid culture. Enzyme Microb Technol.
2007;40:1662–1672.
20. Goloboff PA. Analyzing large data sets in reasonable time:
solution for composite optima. Cladistics. 1999;15:
415–428.
21. Ko KS, Jung HS. Molecular phylogeny of Trametes and related
genera. Antonie van Leeuwenhoek. 1999;75:191–199.
22. Tomsˇovsky´ M, Kolarí M, Pazˇoutová S, Homolka L. Molecular
phylogeny of European Trametes (Basidiomycetes,
Polyporales) species based on LSU and ITS (nrDNA)
sequences. Nova Hedwigia. 2006;82:269–280.
23. Moncalvo JM, Lutzoni FM, Rehner SA, Johnson J, Vilgalys R.
Phylogenetic relationships of agaric fungi based on nuclear
large subunit ribosomal DNA sequences. Syst Biol.
2000;49:278–305.
24. Kauserud H, Sætre GP, Schmidt O, Decock C, Schumacher T.
Genetics of self/nonself recognition in Serpula lacrymans.
Fungal Genet Biol.  2006;43:503–510.
25. Levin L, Jordan A, Forchiassin F, Viale A. Degradation of
anthraquinone blue by Trametes trogii. Rev Arg Microbiol.
2001;33:223–228.
26. Ramsay LM, Sayer JA, Gadd GM. Stress responses of fungal
colonies towards toxic metals. In: Gow NAR, Robson GD,
Gadd GM, eds. The fungal colony. Cambridge: Cambridge
University Press; 1993:179–200.
27. Fomina M, Karl R, Gadd GM. Nutritional inﬂuence on the
ability of fungal mycelia to penetrate toxic metal-containing
domains. Mycol Res. 2003;107:861–871.
28. Yudith G, Machuca A. The effect of copper on the growth of
wood-rotting fungi and a blue-stain fungus. World J Microbiol
Biotechnol.  2008;24:31–37.
29. Mouso N, Papinutti L, Forchiassin F. Efecto combinado del
cobre y pH inicial del medio de cultivo sobre la producción
de  lacasa y manganeso peroxidasa por Stereum hirsutum
(Willd)  Pers. Rev Iberoam Micol. 2003;20:176–178.
30. Manubens A, Canessa P, Folch C, Avila M, Salas L, Vicun˜a R.
Manganese affects the production of laccase in the
basidiomycete Ceriporiopsis subvermispora. FEMS Microbiol Lett.
2007;275:139–145.
31. Fonseca MI, Farin˜a J, Sanabria N, Villalba LL, Zapata PD.
Inﬂuence of culture conditions on laccase production,
growth and isoenzymes patterns in native white rot fungi
from the Misiones rainforest (Argentina). BioResources.
2013;8:2855–2866. b i o l o g y 4 7 (2 0 1 6) 287–297
32. Palmieri G, Cennamo G, Faraco V, Amoresano A, Sannia G,
Giardina P. Atypical laccase isoenzymes from copper
supplemented Pleurotus ostreatus cultures. Enzyme Microb
Technol.  2003;33:220–230.
33. Galhaup C, Wagner H, Hinterstoisser B, Haltrich D. Increased
production of laccase by the wood-degrading basidiomycete
Trametes pubescens. Enzyme Microb Technol. 2002;30:
529–536.
34. Camarero S, Garcia O, Vidal T, et al. An efﬁcient bleaching of
non-wood high-quality paper pulp using lacasse-mediator
system. Enzyme Microb Technol. 2004;35:113–120.
35. Alvarez JM, Canessa P, Mancilla RA, Polanco R, Santibán˜ez
PA,  Vicun˜a R. Expression of genes encoding laccase and
manganese-dependent peroxidase in the fungus Ceriporiopsis
subvermispora is mediated by an ACE1-like copper-ﬁst
transcription factor. Fungal Genet Biol. 2009;46:104–111.
36. Dantán González E, ViteVallejo O, Martínez Anaya C, Méndez
Sánchez M, González MC, Palomares LA. Production of two
novel laccase isoforms by a thermotolerant strain of
Pycnoporus sanguineus isolated from an oil-polluted tropical
habitat. Folch-Mallol J Int Microbiol. 2008;11:163–169.
37. Brown JA, Jeffrey K, Glenn T, Michael H. Manganese regulates
expression of manganese peroxidase by Phanerochaete
chrysosporium.  J Bacteriol. 1990;172:3125–3130.
38. Bogan B, Schoenike B, Lamar R, Cullen D. Expression of lip
genes during growth in soil and oxidation of anthracene by
Phanerochaete chrysosporium. Appl Environ Microbiol.
1996;62:3697–3703.
39. Gettemy JM, Li D, Alic M, Gold MH.  Truncated-gene reporter
system for studying the regulation of manganese peroxidase
expression. Curr Genet. 1997;31:519–524.
40. Palmieri G, Giardina P, Bianco C, Fontanella B, Sannia G.
Copper induction of laccase isoenzymes in the ligninolytic
fungus Pleurotus ostreatus. Appl Environl Microbiol.
2000;66:920–924.
41. Rajendran K, Annuar MSM, Karim MAA. Optimization of
nutrient levels for laccase fermentation using statistical
techniques. Asia-Pac J Mol Biol.  2011;19:73–81.
42. Farnet AM, Criquet S, Tagger S, Gil G, Le Petit J. Puriﬁcation,
partial characterization, and reactivity with aromatic
compounds of two laccases from Marasmius quercophilus
strain 17. Can J Microbiol. 2000;46:189–194.
43. Gorbatova ON, Stepanova EU, Koroleva OV. Studies of some
biochemical and physicochemical properties of an inducible
form of extracellular laccase from the basidiomycete Coriolus
hirsutus.  Appl Biochem Microbiol. 2000;36:272–277.
44. Galhaup C, Haltrich D. Enhanced formation of laccase
activity by the white-rot fungus Trametes pubescens in the
presence of copper. Appl Microbiol Biotechnol. 2001;56:225–232.
45. Rodríguez S, Toca JL. Industrial and biotechnological
applications of laccases: a review. Biotechnol Adv.
2006;24:500–513.
46. Shleev SV, Morozova OV, Nikitina OV, et al. Comparison of
physico-chemical characteristics of four laccases from
different basidiomycetes. Biochimie. 2004;86:693–703.
47. Villalba LL, Fonseca MI, Giorgio M, Zapata PD. White rot fungi
laccases for biotechnological applications. Recent Pat DNA
Gene Seq. 2010;4:106–112.
48. Sathishkumar P, Murugesan K, Palvannan TJ. Production of
laccase from Pleurotus ﬂorida using agro-wastes and efﬁcient
decolorization of Reactive blue 198. Basic Microbiol.
2010;50:360–367.
49. Niku-Paavola M, Fagerstrom R, Kruus K, Viikari L.
Thermostable laccases produced by a white-rot fungus from
Peniophora species. Enzyme Microb Technol.  2004;35:
100–102.
50. Jordaan J, Leukes WD. Isolation of a thermostable laccase
with DMAB and MBTH oxidative coupling activity from
r o b i 
entre degradación de colorantes y oxidación de ligninab r a z i l i a n j o u r n a l o f m i c 
mesophilic white-rot fungus. Enzyme Microb Technol.
2003;33:212–219.51. Nakatani M, Hibi M, Minoda M, Ogawa J, Yokozeki K, Shimizu
S. Two laccase isoenzymes and a peroxidase of a commercial
laccase-producing basidiomycete, Trametes sp. Ha1. New
Biotechnol.  2010;27:317–323.o l o g y 4 7 (2 0 1 6) 287–297 297
52. Shimizu E, Velez Rueda JO, Zapata PD, Villalba LL. Relaciónresidual causados por Ganoderma applanatum y Pycnoporus
sanguineus en el licor negro kraft. Rev Cien Tecnol.
2009;12:46–51.
